Gd-doped HfO 2 films were deposited on p-type silicon substrates in a reducing atmosphere. Photoemission measurements indicate the ntype character of Gd-doped HfO 2 due to overcompensation with oxygen vacancies. The Gd 4 f photoexcitation peak at 5.5 eV below the valence band max imum is identified using both resonant photoemission and first-principles calculations of the f hole. The rectifying (diode-like) properties of Gd-doped HfO 2 to silicon heterojunctions are demonstrated.
has attracted considerable attention as a high-κ dielectric oxide [1] [2] [3] [4] , the gadolinium doping of a number of wide band gap semiconductors [5] [6] [7] [8] [9] suggests that Gd doping of HfO 2 may also lead to a dilute magnetic semiconduc tor [10, 11] . Moreover, semiconducting Gd-doped HfO 2 may provide a promising new class of materials for neutron detec tion technologies.
A gadolinium-based semiconductor diode might be better for neutron detection because of the large thermal neutron absorption cross section of gadolinium (on average ~ 46,000barns). The 157 Gd(n,γ)→ 158 Gd and 155 Gd(n,γ)→ 156 Gd reactions lead to the emission of low-energy gamma rays and conversion electrons, most of which are emit ted at energies below 220 eV [12] [13] [14] [15] . The appeal of using 157 Gd is due to its large thermal neutron cross section of 240 000 barns [16, 17] . Although sensitive to gamma radia tion, the big advantage of gadolinium over boron is not only the high neutron capture cross section but also that this cross section extends to higher neutron energies (200 meV)thanis the case for boron. While all-boron-carbide neutron detectors have been demonstrated [18] [19] [20] , and their potential detection efficiency is much higher than that of many semiconductor materials (likely well above 50% for 10 B-enriched devices), the drawback to all boron-based devices is the need for a mod erator to reduce the neutron kinetic energies to 25-30 meV. Fissile radiation sources like 235 U or 239 Pu produce 1-2MeV neutrons, so the moderator must be significant.
Since neutron capture by gadolinium leads to production of a conversion electron, the pulse height will be smaller than in the case of neutron capture by boron (10 4 charges versus 10 6 per neutron capture). Accordingly, it is advantageous to see if a Gd-doped HfO 2 diode can be fabricated that can be impedance matched and compatible with a high gain, low noise amplifier. A heterojunction diode with silicon would serve this purpose. Although Gd is expected to be a p-type dopant in HfO 2 , we attempted to fabricate a heterojunction diode of n-type Gd-doped HfO 2 with silicon by overcompen sating the Gd acceptor states by donor states introduced by oxygen vacancies, as such a device would likely have a larger depletion region and therefore larger detection volume.
The Gd-doped (3 at. %) HfO 2 films were deposited on single crystal silicon (100) p-type substrates using pulsed laser deposition (PLD) at a growth rate of about 0.15 Å/s. A GdHfO 2 target was prepared by standard ceramic techniques using HfO 2 and Gd 2 O 3 powders, as described elsewhere [11] . Before the deposition, the Si(100) substrates were cleaned with diluted HF acid, rinsed with acetone, and were then immedi ately put in the vacuum chamber. Before deposition, the sur face of the Si wafers was sputter cleaned in a plasma of H 2 (8%) and Ar (92%) mixture created by a DC sputtering gun operating in the reverse bias mode.The films were deposited at a substrate temperature of 500 °C. The chamber was pumped to a base pressure of 3 × 10 -7 Torr and the deposition was carried out in a mixture of H 2 and Ar (8% H 2 ) to introduce the necessary oxygen vacancies. The vacuum was maintained at 10 -5 Torr dur ing the deposition. The doping level was determined from the target composition, with companion measurements using near edge X-ray adsorption spectroscopy (NEXAFS), and on sepa rate samples by X-ray emission spectroscopy or energy disper sive analysis of X-rays (XES or EDAX) for similarly prepared samples. The complementary spectroscopies show that the films and the target have essentially the same composition.
X-ray diffraction (XRD) patterns show that the resulting approximately 250-nm-thick HfO 2 films are in a single monoclinic phase with strong texture growth, with about 3% strain compared with the undoped HfO 2 ( Figure 1 ). From the larg est peak near 28 degrees (2θ), it is estimated that the lattice spacing for (-1,1,1) is increased by d = 0.0030 nm, from 0.3147(1) nm for the undoped HfO 2 films to 0.3177(1) nm for Gd-doped samples (Figure 1 ). The peak is shifted to lower an gles by 0.338 degrees.
As just noted, the films were deposited in 8% H 2 -Ar flow, in an attempt to create more oxygen vacancies. To determine the placement of the Fermi level, angle-resolved photoemission experiments were performed using the 3m toroidal grating monochromator (3m TGM) beam line in a UHV chamber previously described [21, 22] . The Fermi level (E F ) was established from a gold film in electrical contact with the sample and measurements were carried out at ambient temperatures.
From Figure 2 , it is clear that the valence band edge is placed well away from the Fermi level for both Gd-doped and un doped HfO 2 films. The Hf 4 f binding energies, at 18-21 eV binding energy, are substantially larger than those reported by Renault and coworkers [23] , and Hf 4 f binding energies and the valence band edge are slightly larger than those reported elsewhere [24] [25] [26] . Indeed, with Gd doping, the Hf 4 f binding energies increase, as seen in Figure 2 . These photoemission results indicate that the Gd-doped HfO 2 may have n-type char acter (i.e. the Fermi level is closer to the conduction band edge than to the valence band edge).
The increase with Gd doping in the intensity of the photoemission features in the oxygen 2 p region of the valence band, at 5 to 10 eV binding energy, relative to the Hf 4 f features at 18-21 eV binding energies, suggests that there are Gd 5d contributions to the these lower binding energy features, as is expected from studies of HfO 2 -Y 2 O 3 composite films [27] . In Figure 2 , one can clearly see a shoulder on the broad photoe mission peak at the binding energy of 9-10 eV. In order to assist in the identification of this feature, we performed resonant photoemission (i.e. constant initial state spectroscopy) measurements; the results are shown in Figure 3 . The photoelectron intensity, determined from the feature at about 9.5eV binding energy (from the Fermi level), is strongly enhanced at about 148 eV photon energy. This resonant enhancement has been plotted for various photon energies, as shown in the inset to Figure 3 . It is clear that the resonant enhancements in the photoemission intensity, from this 9.5eV binding en ergy final state, occur at photon energies corresponding to the binding energy of the Gd 4d 3/2 (147 eV) shallow core. Thus, this feature at 9.5eV binding energy has strong Gd weight, and the resonant photoemission process occurs because of an excitation from the 4d cores to a bound state, but with a fi nal state identical to that resulting from direct photoemission from Gd 4 f states [28] [29] [30] , that is to say is due to construc tive interference between the direct 5 f photoionization and a 4d 10 4 f 7 → 4d 9 4 f 8 → 4d 10 4 f 6 + e − super Coster-Kronig transition [29] , leading to a classic Fano resonance. In order to further verify the character associated with observed photoemission features, we performed first-principles electronic structure calculations using the full-potential linear augmented plane-wave (FLAPW) method in the local density approximation (LDA). To simulate the photoemission process from the 4 f shell, we consider a supercell containing one Gd impurity atom. We include the 4 f electrons on both Hf and Gd atoms in the core (which by itself is an excellent approximation) and calculate the LDA total energies of the supercell with the 4 f occupation on the Gd atom fixed at seven for the ground state and six for the photoexcited 4 f hole. (The 4 f core on the Gd atom is fully spin polarized.) The difference between these energies is the 4 f binding energy referenced from the valence band maximum. The accuracy of this method is typically better than 1eV [31] .
Instead of the complicated monoclinic phase, the calculations for the Gd impurity were performed for the high-temperature fluorite phase. This is justified because on a crude level the electronic properties of the two phases are qualitatively similar. In particular, the calculated band gaps (3.8eV for the fluorite and 4.0eV for the monoclinic phase, the experimental value being 5.7eV [26, 32] ) and valence band widths (6.5eV for the fluorite and 5.6eV for the monoclinic phase) are quite similar.
The Hf atoms occupy an fcc sublattice in the fluorite phase. A simple cubic supercell was chosen containing four Hf and eight O sites, and one of the four Hf atoms was replaced by Gd. Although there is nominally a very large size mismatch between Hf and Gd, our calculations show that Gd is readily accommodated in the fluorite HfO 2 with a rather small distortion of the surrounding lattice. These results are consistent with experimental observations showing that rareearth substitution tends to stabilize the fluorite phase in HfO 2 with respect to the monoclinic one [33, 34] . Our calculations show that Gd is a p-type dopant introducing very shallow acceptor states, consistent with expectations.
From the 4 f -hole calculations, we obtained the Gd 4 f binding energy of about 5.5eV below the valence band maximum, which is in excellent agreement with the photoemission data shown in Figures 2 and 3 . This binding energy is smaller compared to the Gd metal (8.6eV) because of the electrostatic upshift resulting from the charge transfer to O. This upshift also raises the Gd 5d states into the conduction band compared to the Gd metal where they straddle the Fermi level. The binding energy reduction due to the electrostatic upshift is partially offset by less effective screening of the 4 f hole in the insulator compared to metallic Gd. Using the 4 f -hole method for a pure fluorite HfO 2 supercell of the same size, we also found the Hf 4 f 7/2 binding energy of 14.5eV referenced from the valence band maximum (we took into account that the photoexcited electron goes into an n-type level about 0.5eV below the conduction band minimum). The 4 f 7/2 is the lower-binding-energy component of the Hf 4 f doublet, so that this value corresponds to the upper (stronger) subpeak in Figure 2. Similar to Gd peak, the agreement with experiment is excellent.
We fabricated several diodes to illustrate the n-type band offset of the Gd-doped HfO 2 relative to p-type silicon. The heterojunction of Gd-doped HfO 2 and p-type silicon forms an excellent diode, as shown in Figure 4 . While these data do not conclusively show the dominant carrier, they suggest that oxygen vacancies can overcompensate the Gd acceptor states without completely destroying the semiconductor properties, consistent with the photoemission.
The present results indicate that a p-n heterojunction diode can be formed with strongly textured monoclinic Gd -doped HfO 2 on Si(100). This result is very promising for a number of applications, but we expect that the fluorite phase of Gddoped HfO 2 may be a superior semiconductor. The fluorite phase should be stabilized by increased Gd dop ing [33, 34] , with the added benefit that adding Gd will also increase the neutron opacity of the device, for smaller collec tion volumes.
